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Abstract
Pump-probe experiments and polarizing microscopy are applied to examine temperature and heat flow in metallic
magnetic superlattices on glass substrates. A model of heat diffusion in thin layers for cylindrical symmetry, equivalent
to the Green’s function method, gives a good description of the results. The frequency dependence of temperature
modulation shows that a glass layer should be added to the sample structure. The demagnetization patterns are
reproduced with a Green’s function that includes an interface conductance.
1. Introduction
Thermal energy management of opto- and spintronic
devices under pulsed laser excitation becomes increasingly
important as devices decrease in size. Heat diffusion in
multilayer materials can be quantified with modulated ther-
moreflectance measurements of the temperature spatial
profile [1] and frequency dependence [2]. Pump-probe time-
domain measurements of the temperature time-evolution,
following a TiS laser ultrafast transient disturbance Ttr,
developed into a powerful technique for measuring thermal
conductivity and interface conductance [3]. An additional
heat accumulation temperature increase Tacc, similar to
that of modulated thermoreflectance, will also result for
these sources, when the thermal energy deposited into a
highly-absorbing metal layer does not fully dissipate be-
tween pulses [4, 5].
A magnetic material saturation magnetizationMs, mag-
netic anisotropy K, exchange energy A, coercive field Hc
all depend on T . The equilibrium magnetization magni-
tude and direction is determined by a balance of several
energies that depend on these factors and implicitly on
temperature. For instance, temperature increases induced
by laser beams can modify the equilibrium conditions and
start a magnetization precession, switch it between dif-
ferent easy axis minima [6, 7], or modify the magnetiza-
tion hysteresis loops in applied fields [8]. Magnetic struc-
tures induced by laser beams [9, 10, 11, 12, 13], all-optical
switching (AOS) in thin ferrimagnetic rare-earth and fer-
romagnetic superlattices [14, 15], hybrid structures [16]
and granular media [17, 18] have been observed. Local
ultrafast [8, 19] as well as thermal models of AOS [20,
21, 22, 23, 24] have been proposed. Recently, cumulative
AOS in ferrimagnetic rare earth/transition metal, ferro-
magnetic Co/Pt [25] and Co/Pd [26] superlattices showed
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how thermally-induced forces can move magnetic domain
walls. For a quantitative understanding of these observa-
tions it is necessary to characterize the thermal response
of the samples.
In this work, metallic magnetic superlattices were ex-
amined with transmission pump-probe measurements of
modulated heat accumulation Tacc and polarizing microscopy.
Two-dimensional heat diffusion and thermal demagnetiza-
tion patterns illustrate the energy flow in the structures.
Green’s functions are calculated for different thermal prop-
erties and sample geometries in the two experimental con-
figurations of a chopped and a moving beam.
2. Experimental setups
2.1. Samples
[Co/Ag]3, [Co/Pd]4 and [Co/Au]10 multilayer samples
were deposited with e-beam evaporation on 1 mm thick
soda-lime glass substrates at room temperature. For Co/Ag,
the rates were adjusted to give 1 nm Co and 1.4 nm Ag
individual layer thicknesses and the sample was capped
in-situ with a SiO2 layer. The Co/Pd and Co/Au glass
substrates were immersed in Nanostrip solution for five
minutes, then placed in acetone and methanol, and soni-
cated in each liquid for 10 minutes at 600 C. Hot Nanostrip
(900 C) was used for cleaning the Co/Au glass substrates.
During the deposition, the substrates were rotated at 5
RPM about an axis making an angle of 45 degrees with
the surface normal. Samples of variable thickness were
also made with a custom rotating holder that obscured
the source over a position-dependent fraction of the depo-
sition time.
Profilometry measurements on Co/Ag showed a max-
imum total sample thickness of 15.6 nm. The thickness
variation along the sample surface was obtained with trans-
mission and reflection measurements with a 633 nm He-Ne
laser. For instance, for Co/Ag, the thickness decreased lin-
early along the surface up to 28 mm, beyond which it drops
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rapidly (figure 1(b), inset). The [Co/Pd]4 and [Co/Au]10
sample thickness were 6.2 nm and 49 nm.
2.2. Pump-probe measurements
A two-frequency pump-probe setup was applied in a
non-collinear transmission geometry. The pump and probe
beams were focused on the sample to w0 = 125 µm and
w1 = 80 µm spots, respectively. The linearly-polarized
pump beam of 120 fs pulses at a repetition rate of 80MHz
and 800 nm wavelength was chopped and the polariza-
tion variation of a low-fluence, linearly-polarized, 400 nm
probe beam was measured with a Wollaston prism, bal-
anced photodiode and lock-in amplifier. The probe beam
was aligned along the surface normal. The incidence angle
of the pump beam was 10 degrees relative to the surface
normal. A stage varied the delay between the two pulse
sequences (figure 1(a)).
Heat accumulation occurs when the interval between
consecutive pulses 1frep = 12.5 ns is smaller than the time
it takes heat to diffuse out of the beam footprint
w20
4D =
(125 µm)2
0.4 cm2/s = 0.4 ms with typical metal diffusivity. The
temperature T (t) = Ttr+Tacc is made of two components:
a transient Ttr peak, related to ultrafast non-thermal pro-
cesses, and a heat accumulation Tacc from the cumulative
effect of multiple pulses, as illustrated by a time-resolved
measurement (figure 1(a), inset). Tstep is the small tem-
perature increase due to one pulse that dissipates before
the next pulse arrives and, as expected from the estimate
above, is only a small fraction of Tacc.
The pump F0(ω) and probe F1(ω) beam fluences have
the spectrum of the femtosecond comb. In thermoreflectance
experiments a sinusoidal intensity modulation of large fre-
quency (> 0.1 MHz) is usually applied [27]. In our experi-
ments, we vary the pump beam fluence with a square-wave
chopper modulation. This introduces additional sidebands
in the spectrum at nfch, where n is an integer. However,
the lock-in detects at the chopper modulation frequency
fch. This is equivalent to replacing the pump pulse se-
quence with F0(ω)→ F0(ωch), keeping only the temporal
profile at the frequency fch =
ωch
2pi , and the probe pulse se-
quence with the average fluence F1(t)→ const [28]. The
pump fluence modulation gives a relatively slowly-varying
Tacc oscillation which, as expected, does not depend on
delay within a few tens of ps, either before or after the
overlap.
An analysis similar to that done in ω, k variables for
time-resolved pump-probe measurements can be applied [27].
Specifically, the absorbed fraction of the incident pump
pulse fluence F0(ω, k) is converted to an initial tempera-
ture Tinitial(ω, k) =
F0,abs(ω,k)
Cd with the area specific heat
Cd, where C is the volume specific heat. This temperature
evolves to a final temperature T (ω, k) with the Green’s
function G(ω, k) representing the heat diffusion. The fi-
nal temperature T (ω, k) is sampled by the probe pulse
F1(ω, k) into a spatially-averaged temperature T (ω).
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Figure 1: (a) Sketch of the pump-probe setup. Inset: the response of
the sample symmetric in applied field S(τ) = 1
2
(
S(+B) + S(−B)
)
measured at fch = 2.069 kHz. (b) The scanning setup with the
Co/Ag sample thickness profile in the inset.
We apply a Faraday Effect transmission geometry for
our semi-transparent samples, complementary to the Kerr
Effect reflection geometry on magnetic layers [29] and de-
tect intensity and polarization variations. Then, the lock-
in amplifier signal is
L(ωch) = AT′(T (ωch)) = BT (ωch) (1)
= B
∫
dkkF1(k)T (ωch, k)
= B
∫
dkkF1(k)
F0,abs(k)
Cd
G(ωch, k)
where F0,1(k) are the Hankel transform of the two beams
spatial profiles, the spatial averaging is done by combining
the pump and probe beam profiles into a dk integral [27],
and T′ is one of the several material properties that depend
on temperature. The constant A accounts for different
units of L (in volts) and T′. The non-linear terms in T′(T )
have been removed since they give a signal at multiples of
fch and B ≡ AdT′dT .
Part of the signal is proportional to the polarization
rotation θM = −pidλ nQz for a beam propagating along the
z−axis due to a magnetization Mz ∝ Qz, where Qz is
the off-diagonal magneto-optical coefficient in the suscep-
tibility matrix [30]. This part is anti-symmetric in B, can
be removed in a combination S = 12
(
S(+B) + S(−B)
)
,
2
is relatively small [31] and is neglected here. The part
of the signal symmetric in B is a thermal modulation of
the transmittance T, due to the temperature coefficient of
refractive index dndT . The factor
dT
dT may be called “thermo-
transmittance”, by analogy with the complementary ther-
moreflectance dRdT , which has been examined in detail for
a series of materials [32] at different wavelengths [33]. For
metals dndT = 1−5×10−5 K−1 [32, 33], significantly larger
than dndT = 2×10−6 K−1 for our (17.5 % Na2O, 7.5 % CaO,
75 % SiO2) soda-lime glass substrate [34]. We then obtain
a signal which is proportional to the temperature of the
metallic film, where the z-dependence of temperature can
be neglected inside our thin thermally-conducting samples.
2.3. Scanning measurements
The beam was expanded and focused on the front of the
sample surface with a 30 mm lens to a typical w0 = 50 µm
spot (figure 1(b)). The sample was scanned under the
beam at a speed vs = 10 mm/s at constant fluence. Flu-
ence was adjusted between scans with a half-wave plate
and polarizing cube combination. Polarization was ad-
justed from linear to left- and right-circular polarized with
a quarter wave plate. No variation was observed with
changes in beam polarization.
Polarizing microscopy images were made in transmis-
sion Faraday geometry at normal incidence. In contrast
to rotation θM from magnetization-induced birefringence,
the rotation due to structural birefringence depends on the
orientation of sample birefringence axes and can be varied
with sample rotation.
New areas are continuously exposed in writing experi-
ments with a moving beam. The diffusion time w20/4D =
0.4 ms out of the beam footprint is comparable to the
moving beam dwell time τl =
w0
vs
= 5 ms. The larger ra-
dius observed at the end of the stripe (figure 3(c)) confirms
that the steady-state is not obtained during scanning.
3. Results
Measurements of temperature oscillation amplitude |T (ω)|
and phase φ(ω) dependence on the chopper frequency f =
ω
2pi were made at a τ = −2 ps delay. Amplitude and phase
are plotted relative to measurements at 30 Hz. The ampli-
tude decreases inversely proportional to f above 200 Hz
for Co/Pd and Co/Ag and in-between 1/f and 1/
√
f for
Co/Au (figure 2(a)). A levelling of the amplitude is ob-
served for frequencies below 200 Hz. The phase φ(ω) also
varies with f , first decreasing and then slightly increasing,
with a minimum at f = 1000 Hz.
Beam scans across the surface give “stripes”, with small
white and black dots at stripe center corresponding to
small magnetic domains oriented up and down and do-
main walls pinned by imperfections (figure 2(c)). Pump-
probe measurements showed a reduced modulation am-
plitude |T (ω)| at stripe locations and light transmission
measurements, made with a small intensity 800 nm TiS
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Figure 2: (a) Temperature modulation amplitude |T (ω)| depen-
dence on fch =
ωch
2pi
, normalized to the value at 30 Hz, for Co/Pd
(40 mW incident power), Co/Ag (46 mW ), and Co/Au (40 mW ).
Similar results were obtained for other powers between 20 mW and
60 mW . (b) Phase dependence on chopper frequency fch. (c) Light
transmission is higher at stripe locations and correlates with varia-
tions in |T (ω)| across Co/Ag stripes.
beam, confirmed that these locations have a smaller ab-
sorption F0,abs compared to pristine areas (figure 2(c)). A
second stripe, made at constant fluence and sample thick-
ness, gradually disappears when intersecting a stack of
stripes (figure 3(a)) and re-appears intact once the stack
is crossed.
Stripe edges are birefringent, as shown by intensity
variations as the analyzer is rotated across the extinction
condition [figure 3(b) and supplementary figure 1]. The
birefringence is structural, since it varies from bright to
dark over a 90 degrees sample rotation angle. The ori-
entation of the sample birefringence axes depends on the
orientation of light polarization when writing the stripes.
As expected, birefringence is absent at the intersection of
two stripes, made with light beams with orthogonal po-
larizations (not shown). A slight 30 nm bulging was also
observed with AFM across stripes made at high power.
Similar results were obtained for the other samples.
Isotropic and birefringent modifications can be made
in clear glass with amplified TiS lasers following non-linear
multi-photon absorption [35]. Cumulative heating has been
considered for isotropic structural changes made with un-
amplified lasers [36, 37]. The higher fluence birefringence
can arise from stress or µm-size elongated voids made in
explosive processes of multiphoton and avalanche ioniza-
tion [38, 39]. No signal is detected from clear glass for our
relatively low fluence and negligible non-linear absorption.
Therefore, because linear light absorption in the metal film
is required, laser-induced changes in the glass substrate are
made in the immediate vicinity of the metal film.
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Figure 3: (a) Vertical stripe made in Co/Ag across a stack of hor-
izontal stripes, with distances shown in µm. Integrated intensity
profiles show the stripe almost completely disappears when inside
the stack, while the edges are relatively unaffected. (b) Structural
birefringence at stripe edges. (c) End of stripe for Co/Au at differ-
ent incident power shows the steady-state condition is not obtained
during scanning.
4. Discussion
4.1. Heat diffusion in multilayers
Ultrafast processes occur within the first few ps, until
equilibration to a common temperature T = Te = Tlatt.
The subsequent time-evolution of T in the structure is de-
termined by the heat diffusion equation. It is advanta-
geous to solve this equation following the method applied
in time-resolved thermoreflectance in cylindrical symme-
try, with new (ω, k, z) variables replacing (t, r, z). The
small ellipticity of the pump beam footprint is neglected.
For instance, for the temperature, k and r are related as
T (t, r, z) =
∫ ∞
0
dkkJ0(kr)
∫ +∞
−∞
eiωtT (ω, k, z) (2)
where J0(x) is the Bessel function [27]. The reverse r → k
transform is T (k) =
∫∞
0
drrJ0(kr)T (r). Time t and ω =
2pif are related by the usual Fourier transform. The heat
diffusion equation with no sources becomes in these vari-
ables ∂
2T (ω,k,z)
∂z2 = q
2T (ω, k, z), where q2 =
Λ‖k
2+iωC
Λ⊥
=
k2 + iωD , Λ|| = Λ⊥ are the thermal conductivities parallel
and perpendicular to the surface, and C is the volume spe-
cific heat. Its solutions are hyperbolic trigonometric func-
tions that can be arranged in a matrix, describing how the
temperature and flux vary with depth z.
Similar transformations are applied to all functions of
t and r, in particular to the beam profiles. The spatial de-
pendence of a Gaussian beam fluence F (t, r) = Fpeake
− 2r2
w20 =
2Pabs
piw20
e
− 2r2
w20 , where Fpeak has been replaced with the ab-
sorbed power Pabs =
∫∞
0
dr2pirFpeake
−2 r2
w20 =
piw20Fpeak
2 ,
has a Hankel transform F (ω, k) = Pabs2pi e
− k
2w20
8 . The in-
plane averaging of the pump-induced temperature by the
probe is a pump-probe profile convolution in real space
or a multiplication in k− space [27], giving an effective
diameter weff =
√
w20 + w
2
1 = 150 µm. Then, the charac-
teristic magnitude of k in our case is keff =
4
150 µm
−1 ≈
0.025 µm−1.
The fluxes Ft,b and temperatures Tt,b on the top (front)
and back sides of a multilayer in the limit of a thermally
thin film (qfdf = qfd 1) and thermally thick substrate
(qsds  1) are related by
(
Tb
Fb
)
=
eqsds
2
(
1 − 1Λsqs
−Λsqs 1
)(
1 − 1G
0 1
)
(3)(
1 − dΛf
−Λfq2fd 1
)(
Ttop
Ftop
)
where the substrate, interface conductance G, and the
superlattice (replaced with a film) are each represented
by a matrix. The film is optically thin and its approx-
imately uniform absorption (αd  1) can be replaced
by surface absorption (αd  1, where α is the absorp-
tion coefficient) as we do not consider processes on the
d2
D ≈ (10 nm)
2
0.1 cm2/s = 10 ps timescale it takes heat to diffuse
through the film. For simplicity, it is assumed first that
the thermal properties of the glass near the metal film
remain similar to those of the substrate. The condition
Fb = 0 gives (a term
Λsqsd
Λf
 1 in the denumerator can
be neglected)
Ttop(ω, k) = Ftop(ω, k)
1 + ΛsqsG
Λsqs +
(
1 + ΛsqsG
)
Λfq2fd
(4)
=

Ftop
Λfq2fd+Λsqs
, if Λsqs  G (A)
Ftop
Λfq2fd+G
, if Λsqs  G (B)
(5)
where two specific cases have been emphasized (figure 4).
The incident heat flows along different paths, depending
on the relation between the interface conductance G and
the substrate Λsqs.
In case A with no significant interface backscattering
(G → ∞ and identity interface matrix), cooling rates are
limited by the substrate. The term Λfq
2
fTtopd = Λf (k
2 +
iωC
Λf
)Ttopd represents the fraction of the incident flux that
is carried away sideways in the film Λfk
2Ttopd or heats
the film iωCTtopd (figure 4(a)). Neglecting this term gives
Ttop =
Ftop
Λsqs
, the solution for a semi-infinite substrate with
4
surface absorption, with a frequency dependence Ttop ∝
1√
f
.
In case B, the interface conductance G is low, lim-
iting the cooling rate into the substrate. Then, Ttop =
Ftop
Λfk2d+
iωΛf d
D +G
. As above, the first two terms in the de-
nominator represents sideways film flux and stored heat
variations.
Unlike Λfk
2d, the new term G remains finite as k → 0
toward the peak of the pump profile, always giving a heat
flow and removing the temperature divergence of the two-
dimensional film in the steady-state (section 4.3). This
term can be absorbed into the
iωΛfd
D factor, giving ω an
imaginary part iDGΛfd . This becomes an exponential e
−t/τG
with the time constant τG =
Λfd
GD =
Cd
G following a Fourier
transform, describing in the time domain the additional
heat transfer channel opened through the interface.
The results can be slightly modified by replacing Ftop
with the initial temperature Tinitial =
Ftop
Cd . Then, the
expressions in equation (4) relate Tfinal and Tinitial and
are the Green’s functions in ω, k variables for different ex-
perimental conditions. For instance, G3D(ω, k) = 1Λsqs
(obtained in case A in the limit d → 0) is the three-
dimensional Green’s function for the substrate [27]. Sim-
ilarly G2D(ω, k) = 1Dq2f =
1
Dk2+iω (case B in the limit
G → ∞) is the two-dimensional Green’s function for the
film. This is confirmed by a Hankel in k and Fourier in ω
transform of G2D(ω, k) that gives
G2D(t, r) =
√
2pi
4tD
e−
r2
4tD (6)
the 2D Green’s function in t, r variables.
The Green’s function in case B can be written in a dif-
ferent useful form. The sideways heat flow can be replaced
as Λk2d→ Λ 8d
w20
→ CdτD , representing the in-plane diffusion
in the metal film with a characteristic time τD =
w20
8D in
the time domain. Then, G = 11
τD
+iω+ 1τG
= 11
τeff
+iω
, where
1
τeff
= 1τD +
1
τG
is the total rate at which heat leaves the
layer, either through in-plane heat diffusion or through the
interface. This expression for G shows that we can expect
the phase of Ttop(ω) to change on transitions from one
interface-, film- or substrate-dominated cooling regime to
another.
These results are applied to the two experimental con-
figurations – the chopper modulation and the scanning
beam.
4.2. Temporal modulation
In the pump-probe measurements the signal is propor-
tional to the film temperature (equation (1)), which can
be calculated with equation (4).
One may expect to observe heat diffusion following
case A because interfaces between dense solids have G 
+𝜦𝜦𝒇𝒇𝒌𝒌𝟐𝟐𝑻𝑻𝒕𝒕𝒕𝒕𝒕𝒕𝒅𝒅 
𝑭𝑭𝒕𝒕𝒕𝒕𝒕𝒕 
𝑭𝑭𝒕𝒕𝒕𝒕𝒕𝒕 − 𝜦𝜦𝒇𝒇𝒒𝒒𝒇𝒇
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Figure 4: (a) Conducting interface (case A) with cooling rates
limited by the substrate. (b) A resistive interface (case B) limits the
cooling rate. (c) Two-layer model, with a metallic and a glass film.
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Figure 5: Amplitude (a) and phase (b) of the temperature mod-
ulation for different G. As expected, the amplitude |T | increases
from A to B. The parameters are Pabs = 30 mW , d = 30 nm,
weff = 200 µm, Ds = 5 × 10−7 m2/s, Λs = 1 W/mK, Df =
0.1 × 10−4 m2/s, Λf = 100 W/mK. (c) Results with a glass layer
dl with Dl = 0.05Ds,Λl = 0.05Λs, weff = 200 µm. Similar results
are obtained for layers with the same Dl
d2
l
ratio.
Λsqs ∼ 105(1 + i) Wm2K [3] for typical keff and chopper
frequencies f , or Ttop ∝ 1√f . Surprisingly, measurements
show the 1/f dependence of two-dimensional heat flow
above 200 Hz (figure 2) for Co/Pd and Co/Ag and a de-
pendence between 1/f and 1/
√
f for Co/Au.
The k− integral of equation (1) has been calculated
numerically for different interface conductances G. The
evolution of T (ω) amplitude and phase from case A to B
is shown in figure 5(a)-(b). The main features of these
plots can be understood qualitatively. In the limit of low
frequency (steady-state), T (ω) is real and φ→ 0. At large
ω the Green’s function dependence on k is negligible and
the k− integral reduces to ∫∞
0
dkke−
k2
8 (w
2
0+w
2
1) = 4
w2eff
. In
case A we obtain T (ω) ∝ 1√
iω
or a 1/
√
f dependence and
a −45 degree phase at large ω. Similarly, in case B we
obtain T (ω) ∝ 1iω or a 1/f and −90 degree phase at large
ω (arrows).
The values of G required to obtain the observed 1/f de-
pendence (figure 2) are ≤ 102 Wm2K , much lower than typ-
ical glass-metal conductances > 107 Wm2K [40] and on the
order of the heat transfer coefficient for near-field radiative
heat transfer between glass and Au interfaces at a 10 nm
separation [41]. Such free-standing metal films would heat
up to very high temperatures (|T (ω → 0)| > 103 K in
figure 5(a)) and be structurally unstable. The minimum
in phase at 1000 Hz is also not obtained.
The simplest geometry of one metallic film is insuffi-
cient and considering a more complicated structure is nec-
essary. A solution is to add a new layer l between the metal
film and glass substrate (figure 4(c)). This layer may be
the same porous birefringent layer, made in the glass sub-
strate in the immediate vicinity of the absorbing film, and
observed in polarizing microscopy. A glass layer of thick-
ness dl and conductance to the glass substrate G2  Λsqs
will add one matrix
(
cosh(qldl) − 1Λldl sinh(qldl)−Λlqlsinh(qldl) cosh(qldl)
)
to equation (3), where the small thickness approximation
qldl  1 has not been made.
The result for Ttop(ω, k) is unwieldy, but numerical
calculations can be made for different layer thickness dl.
These show a characteristic minimum (arrows in figure
5(c)), as the phase climbs to the semi-infinite substrate
angle −45 degrees. This occurs near f = D
pid2l
, when
the depth of thermal modulation is smaller than the layer
thickness and the sample begins to resemble a semi-infinite
substrate. The minimum in phase observed at 1000 Hz is
obtained. Measurements for the Co/Au sample from fig-
ure 2(b) have been shifted along the y−axis and added for
comparison. The model explains the main experimental
features.
4.3. Demagnetization patterns
Only the pump beam is present in scanning measure-
ments and its pulse sequence is replaced with a continuous-
wave beam as before. In contrast to the previous case, the
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Figure 6: (a) Film Tmax during a scan with power modulated
across the horizontal stripes (dashed features). (b) The steady-state
solution at vs = 0 compared to a profile induced by a beam moving
with vs = 1, 10 mm/s shows the larger radius at the end of the
scan. (c) Steady-state temperature radial temperature profiles for
interface conductances G shown and Pabs = 30 mW , d = 30 nm,
w0 = 200 µm, Ds = 5 × 10−7 m2/s, Λs = 1 W/mK, Df = 0.1 ×
10−4 m2/s, Λf = 100 W/mK without the glass layer, compared
to the 3D case (thick metal film), and with results including the
same glass layer as in figure 5(c). The difference between results for
G = 106 W/m2K and G → ∞ is negligible. The right axis shows
the Gaussian beam fluence profile.
cylindrical symmetry is lost and the initial temperature
spectrum is not sharply defined for a moving beam. It is
advantageous to work with t, r variables.
A Gaussian beam moving at a velocity vs along the x−
axis is a heat source F (t′, x′, y′) = 2Pabs(t
′)
piw20
e
− 2(x′−vst′)2
w20
− 2(y′)2
w20
giving an initial temperature T (t′, x′, y′) = F (t
′,x′,y′)
Cd , where
the absorbed power depends on time t′ because of the vari-
able transmission observed on crossing stripes (figure 2).
The temperature at a later time t > t′ is T (t, x, y) =∫
dt′dx′dy′G(t − t′, x − x′, y − y′)T (t′, x′, y′). The solu-
tion with the 3D Green’s function for a substrate with
surface absorption has been obtained before [42]. For the
2D Green’s function (equation 6) the integration over x′
and y′ can be done by completing the square to give
T (t, x, y) =
2
√
2pi
Cd
∫ t
−∞
dt′
Pabs(t
′)
8D(t− t′) + w20
e
−2 (x−vst′)2+y2
8D(t−t′)+w20 (7)
This expression shows how in-plane diffusion (the 8D(t−t′)
term) combines with the beam profile tails (the w20 term)
to give a T increase at (x, y) when the laser beam center
is at (vst
′, 0).
As expected, this integral is divergent for a stationary
beam of constant intensity (x = 0, y = 0, vs = 0, Pabs(t
′) =
const.). In contrast to a 3D substrate, a thermally 2D film
does not cool well under a steady heat flux. To remove
this unphysical divergence, the heat flow conditions must
be changed from strictly two-dimensional. The Green’s
function for a layer with surface absorption and an infinite
interface conductance G → ∞ to the substrate can be
reduced to a double integral [43]. A different approach
can be taken for an interface with a finite conductance G,
by allowing an additional heat transfer channel through
the interface, as done in section 4.1, or
G = G2D(t− t′, x− x′, y − y′)e−
t−t′
τG (8)
This removes the temperature divergence. Results of
the maximum film temperature Tmax(x, y) obtained dur-
ing the laser scan for a variable Pabs, modulated as shown
in figure 2 give a sequence of peaks (figure 6(a), left panel).
Dividing into two cases (white and black, figure 6(a), right
panel), above and below a borderline temperature gives
plots that correspond well with the experimental obser-
vations (figure 3). In particular, the decreasing spot size
and re-emergence of the stripe on crossing the stack is
obtained. A narrowing of the features, calculated for a
moving beam (figure 6(b)), is consistent with observations
(figure 3(c)).
The cylindrical symmetry is restored in the stationary
condition (vs = 0) and this case can be applied to illustrate
the temperature increase due to heat accumulation. In the
substrate limit (case A with d → 0) a Hankel transform
of Ttop(ω = 0, k) =
Ftop(ω=0,k)
qsΛs
gives the known solution
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Ttop(ω = 0, r) =
1√
2pi
Pabs
Λsw0
e
− r2
w20 I0
(
r2
w20
)
, where I0 is the
modified Bessel function [44]. Then Tmax =
Pabs√
2piΛw0
≈
30 mW
2.5×100 W/mK 200 µm ∼ 0.6 K for typical metallic thermal
conductivity Λ. Heat dissipates quickly between pulses
and Tacc can be neglected in thick, thermally conducting,
samples.
In contrast, our superlattice samples are thermally thin.
In general, an interface at a depth smaller than the ther-
mal modulation depth Lth =
√
D
pif will affect heat diffu-
sion, where Lth = 30 µm  d for f = 3 × 103 Hz and a
good thermal conductor with D = 0.1×10−4 m2s . Temper-
ature profiles calculated with a Hankel transform of equa-
tion (4) are significantly higher as the large heat fluxes
possible through a semi-infinite substrate are reduced (fig-
ure 6(c)). The combination of large light absorption in
the metallic film and small glass thermal conductivity can
raise Tacc above that of a thick metallic film. Heat accu-
mulation and large temperature gradients in our samples
explain the observed forces on magnetic domain walls dur-
ing all-optical switching [26] and how a final demagnetized
state can be obtained from both heat accumulation Tacc
and transient Ttr ultrafast demagnetization [31].
A large Tacc in magnetic materials can be beneficial
(for instance, in heat-assisted magnetic recording) or un-
desired if measurements at low temperature are required.
Future work may examine the smaller heat accumulation
predicted in one-dimensional structures at the same aver-
age fluence with increased repetition rates, heat accumula-
tion in dots, offset pump-probe beams or conditions with
a larger keff from tighter focusing.
5. Conclusion
Heat diffusion in metallic superlattices on glass sub-
strates has been examined with pump-probe measurements
and polarizing microscopy of laser-induced demagnetiza-
tion patterns. Green’s function solutions of the heat dif-
fusion equation quantify the temperature in the two ex-
perimental configurations. A glass layer is required to ex-
plain the temporal modulation frequency dependence and
demagnetization patterns are reproduced with an inter-
face conductance. Thermo-transmittance measurements
can be applied in examining heat accumulation and dif-
fusion in thin samples on thermally insulating substrates
under an intense light field and in characterization of a
multilayer device thermal response.
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